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Summary
Objective: To assess how magnetic ﬁelds (MFs), with or without concurrent radio frequency (RF), inﬂuence chondrocytes and knee joint
repair, we applied an MF strength via magnetic resonance imaging (MRI) slightly greater than the frequently used dosage in the clinics
and examined the effects of these treatments in vitro on human chondrocytes and in vivo in pigs.
Methods: Human chondrocytes were directly exposed to a 3-tesla (T) magnetic ﬁeld (MF group) or a 3-T static magnetic ﬁeld plus 125.3 MHz
radio frequency (MFþRF group), and cell proliferation, apoptosis, cytosolic Ca2þ ([Ca2þ]i) ﬂuxes and expression of the apoptosis-related pro-
teins of the treated cells were examined to assess the effects of the treatments. In the pig study, we examined the effects of the treatments on
the recovery of surgically damaged pig knees.
Results: A 3-T static MF and RF suppressed cell growth and induced apoptosis through p53, p21, p27 and Bax protein expression. In the pig
model, we found that MRI surveillance had a deleterious effect on the recovery of the damaged knee cartilage.
Conclusion: Magnetic strength, with or without concurrent RF, suppressed chondrocyte growth in vitro and affected recovery of damaged knee
cartilage in vivo in the pig model. These results may be speciﬁc to the parameters used in this study and may not apply to other situations, ﬁeld
strengths, forms of cartilage injury, or animal species.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Magnetic resonance imaging (MRI) is a non-invasivemedical
assessment tool frequently used in the clinics and applies
a very strong magnetic ﬁeld (MF) intensity of 1e10 T (1 tesla
(T)¼ 10,000 gauss (G)), with the MF of the earth being ap-
proximately 400e600 mG. It was originally demonstrated
that MRI was safe and that individuals should not suffer any
problems upon examination with the MRI machine1e6. How-
ever, somestudies showed that strongelectromagnetic ﬁelds
and high static MFs had implications for the occurrence of
lung cancers, leukemia, and brain cancers7e11. The safety is-
sue of MRI on human health remains controversial.
At the cellular level, the effects of MF intensity on cell
growth are also controversial12,13. In addition, exposure to
different MF intensities caused either up-regulation or1This study was supported by grants from the National Science
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343down-regulation of oncogenes, such as c-jun, c-fos, and
ap-114e16.
Calcium ion plays a key role as the secondary messenger
in intracellular or intercellular signaling pathways, including
muscle contraction, neuron transmission, cell proliferation,
cell death, and cell differentiation pathways17. The intracel-
lular calcium level in brain cells, T-cells, and Jurkat cells
increased substantially when exposed to MFs18,19. In addi-
tion, upon exposure to MFs, the intercellular calcium in
human and mouse osteoblasts ﬂowed into the cytoplasm
to promote bone formation20,21.
p53 is involved in cell growth, cell death, differentiation, and
tumor suppression by preventing inappropriate cell prolifera-
tion22 and acts to maintain genomic integrity when cells are
exposed to stressful environments such as UV irradiation,
chemical stimulation, or hypoxia. Stresses could activate
p53 expression and subsequently induce apoptosis or cell
cycle arrest. Differential modiﬁcations of p53 could mediate
its interactionswith STAT1, Bax, or Fas to induce p53-depen-
dent apoptosis. The growth arrest mediated by cell cycle in-
hibitors, such as p21, could inhibit the apoptotic response.
Currently, the 1.5 T MRI devices are widely used in the
clinics. However, the 3 T MRI devices have been actively
accessed for the possibility to replace the 1.5 T devices in
order to achieve a higher resolution and a better signal-to-noise
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health is controversial and one of the possibilities for the
deleterious effects was that too high a dosage is applied.
To test this hypothesis, we examined the effects of MF in-
tensities, with or without concurrent radio frequency (RF),
on chondrocytes and damaged pig knee joints and found
that these treatments suppressed cell growth, induced ex-
pression of apoptosis-related genes, induced apoptosis in
chondrocytes in vitro, and affected recovery of the damaged
knee cartilage in vivo.
Materials and methodsISOLATIONS OF HUMAN CHONDROCYTESHuman chondrocytes were isolated from the surgically removed joints of
osteoarthritis patients who underwent joint replacement (10 patients ranging
in age from 24 to 51 years, all with informed consent and approval of the
Research Ethics Review Committee) at National Taiwan University Hospital.
Normal cartilage regions of the joint specimens were cut to pieces
(1e3 mm3), washed with phosphate buffered saline (PBS), and treated with
2 mg/mL of type II collagenase (Sigma Chemical Company, St. Louis, MO,
USA) at 37C for 4 h. The cells were cultured in T75 ﬂasks containing 12 ml
of Dulbecco’s Modiﬁed Eagle’s Medium (DMEM) plus 10% fetal calf serum
and 1% penicillin (100 IU/ml)/streptomycin (100 mg/ml) at 37C with 5%
humidiﬁedCO2. The human chondrocytesweremaintained in vitro for two pas-
sages to ensure viability and consistency of each batch of the cells. The cells
were seeded into 6-cmPetri dishes (in triplicate) at a density of 6 105 cells/dish
and randomlyseparated into threegroups for theMRIexperiments. Each batch of
cells was used for different experiments.MF APPLICATIONAll MF exposures were performed in a BRUKER S300 Biospec/Medspec
MRI machine, with the temperature maintained at 25C throughout the exper-
iment. Fresh culture medium was added to replace the exhausted culture me-
dium before the MF exposure. In the control group, human chondrocytes were
not exposed to either MF or RF and were maintained at 25C throughout the
experiment. In the MF group, human chondrocytes were exposed to a 3-T
MF for 1 h. In the MFþRF group, human chondrocytes were exposed to
a 3-T static MF and were scanned by an RF, 125.3 MHz at an absorption
rate of 4 W/kg. The total energy delivered to the human chondrocytes was
10,000 W.After exposure, the human chondrocyteswere placed under normal
culture conditions for recovery and were examined at different recovery time
points.CELL PROLIFERATION ASSAYOne day before exposing to the MF, human chondrocytes were seeded
into a 6-cm Petri dish at a density of 6 105 cells/dish. Human chondrocytes
were exposed to a 3-T static MF or a 3-T static MFþRF for 1 h and cultured
at 37C in a 5% CO2 humidiﬁed incubator. At each recovery time point, cells
were washed with PBS twice, harvested with trypsin, re-suspended in PBS,
stained with trypan blue, and counted using a hemacytometer.FLOW CYTOMETRY ASSAYAnnexin-V, a phospholipid-binding protein was used to measure the
amount of phosphatidyl serine (PS) expressed on the extracellular side of
the cytoplasmic membrane of apoptotic cells. Propidium iodide (PI), a ﬂuoro-
chrome, was used to stain the genomic DNA of dead cells. The apoptotic cells
did not lose their cell membrane integrity and, thus, were impermeable to PI.
Therefore, simultaneous staining of annexin-V and PI allowed for differential
quantiﬁcation of vital, apoptotic, or necrotic cells25. Human chondrocytes
were washed three times in cold PBS, collected by brief centrifugation, and in-
cubated with ﬂuorescein-conjugated annexin-V and PI for 5 min at room tem-
perature in the dark. Flow cytometry of annexin-V and PI-stained cells was
performed in a ﬂuorescence-activated cell sorter and analyzed using a Cell-
Quest ﬂow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). The vital
cells should be negative for both annexin-V and PI staining. The cells in early
apoptosis should stain positively for annexin-V and negatively for PI, and cells
in late apoptosis should stain positively for both annexin-V andPI. The necrotic
cells should stain positively for PI.DNA FRAGMENTATION ASSAYOne day before the experiment, human chondrocytes were seeded into
a 6-cm Petri dish at a density of 6 105 cells/dish. The cells were exposed
to a 3-T static MF or a 3-T static MFþRF for 1 h and cultured at 37C ina 5% CO2 humidiﬁed incubator. 4, 8, 24, and 48 h after the exposure, cells
were harvested by centrifugation, washed with ice-cold PBS and placed in
a lysis buffer containing 50 mM Tris (pH 8.0), 10 mM ethylene diamine tetra-
acetic acid (EDTA), 0.5% sodium dodecyl sulfate (SDS), 0.5% NaCl and
1 mg/ml proteinase K for 3 h at 56C. An additional treatment of 0.5 mg/ml
RNase A at 37C for 1 h was performed. Finally, DNA in the samples was
precipitated with isopropanol and fractionated on 2% agarose gels. The
gels were stained with ethidium bromide and the presence of DNA in the
gels was visualized under UV light.INTRACELLULAR CALCIUM CONCENTRATION MEASUREMENTFura-2-acetoxymethyl ester (fura-2AM; Molecular probes, Eugene, OR,
USA) was used to measure the intracellular calcium concentration. The
chondrocytes were exposed to 3 T MF for 1 h and the cells were placed
for recovery for 1.5, 3, 4.5, 6, and 72 h at 37C in a 5% CO2 humidiﬁed in-
cubator. A total of 2 106 cells were stained with fura-2AM for 30 min at
room temperature. The cells were recovered by brief centrifugation and re-
suspended in the measuring medium (140 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 1 mM CaCl2, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Hepes), 11 mM glucose, and 0.1% bovine serum albumin (BSA), pH
7.4). Fluorescence readings were obtained with constant stirring in a ﬂuorom-
eter (Spex Industries, Edison, NJ, USA) at 37C. The ﬂuorescent dye was
alternately excited at 380 and 340 nm, with ﬂuorescence emission measured
at 510 nm. For each experiment, calibration of the 380/340 nm signal ratio
was performed26: [Ca2þ]i¼ Kd(F380 max/F380 min)(RRmin)/(RmaxR). A dis-
sociation constant (Kd) for 224 nm was assumed for the binding of calcium to
fura-2AM. Rmax and Rmin are the maximum and minimum F340/F380 ratios, re-
spectively. They were determined in each group by consecutive addition of
75 g/ml digitonin (Rmax) and 1/50 volume of 1 M EDTA and 1/700 volume of
10 N NaOH (Rmin).WESTERN BLOT ANALYSISWhole cell lysates were prepared by addition of cold RIPA buffer (150 mM
NaCl, 10 mMTris, pH7.2, 0.1%SDS, 1.0%TritonX-100, 1%deoxycholate and
5 mM EDTA) containing protease inhibitors and phosphatase inhibitors
(Sigma) to monolayer cultures. Protein concentration was determined with
a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA). Fifty micrograms
of each sample was fractionated by electrophoresis in SDS-polyacrylamide
gels and transferred to nitrocellulose membranes (Bio-Rad). After saturating
with 5% non-fat milk, the membranes were incubated with the following anti-
bodies: anti-human-p21, anti-human-p27, anti-p53, anti-Bax, anti-phosphory-
lated extracellular signal-regulated protein kinase(ERK)1/2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and anti-collagen type II. To normalize
the amounts of each protein in theWestern blot analysis, anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) antibodywas used. After washingwith
PBS containing 0.5% Tween 20, themembranes were incubated with second-
ary antibodies (either anti-mouse or anti-rabbit immunoglobulin (Ig) G coupled
with horseradish peroxidase). Signals were recorded using an enhanced
chemiluminescence (ECL) system and exposed to X-ray ﬁlms.LEE-SUNG PIG ANIMAL MODELThe experimental protocol was approved by the Institutional Animal Exper-
iment Committee. All surgeries were carried out in the veterinary hospital oper-
ating room following standard surgical routines. Twelve surgeries (two
surgeries on each hind leg of a total of three pigs) were performedand exposed
toMFþRF as the experimental group, while another 12 surgeries (two surger-
ies on each hind leg of a total of three pigs) were performed and used as the
control group. Six Lee-Sung pigswere used in the experiment, with an average
age of 3 1 months and average weight of 11 3 kg. They were housed indi-
vidually in stainless steel cages and were sheltered outdoors, with good ven-
tilation. The surgical procedures were performed under general anesthesia
with sterile techniques, including limb preparation and draping. Anesthesia
was induced by intramuscular injection of 15 mg/kg of Zoletil 50 (tiletaminelzo-
lazepam, Virbac Laboratories, Carros, France) andmaintained by intravenous
administration of the same agent intermittently at half the dosage of induction.
Two surgical defects of 7 mm in diameter were generated on both knees of the
hind legs and the defects were covered with polyglycolic acid (PGA) meshes.
Altogether, there were 12 defects in both hind legs of three pigs for the exper-
imental group and an additional 12 defects in both hind legs for the control
group. Three months after the initial surgery, all six pigs were anesthetized
and three of them were subjected to an exposure of 3-T MFþRF for 1 h, while
the other three were not exposed as the control group. These pigs were sacri-
ﬁced 3 months later and the effects of MFþRF on cartilage recovery were
examined.HISTOCHEMICAL STAININGThe staining procedures were performed using standard protocols. In
brief, the joint specimens were dissected, ﬁxed in 4% paraformaldehyde/
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bedded in parafﬁn. Sections of 5-mm were obtained from the parafﬁn block,
deparafﬁnized with xylene, rehydrated in grade-alcohols, and stained with
hematoxylin and eosin (H&E). The stained sections were examined with
a microscope.DATA ANALYSISQuantitative densitometric data were expressed as means standard de-
viations (SDs) and statistical signiﬁcance was determined by one-way anal-
ysis of variance (ANOVA). In order to avoid the inﬂation of type I error
problem, the signiﬁcant level for each ANOVA analysis was set as 0.01.Results3-T MF AND RF INFLUENCE ON CELL PROLIFERATION
AND CELL APOPTOSISGrowth rates of human chondrocytes exposed to a 3-T
MF (MF group) or to a 3-T MF plus RF (MFþRF group)
were lower than those of the unexposed control cells at 1,
2, or 3 days after exposure with F(2,24)¼ 30.14; F(2,24)¼
86.90; F(2,24)¼ 93.46, respectively, all three Ps< 0.01
(Fig. 1).
To investigate the underlying reason for the lower growth
rate after exposures to the MF or to the MFþRF, cells un-
dergoing apoptosis in the treated samples were examined
with ﬂuorescein isothiocyanateeannexin-V and PI double
staining and analyzed by ﬂow cytometry. Figure 2(A) shows
a representative scatter plot of the analysis. The apoptotic
cells were annexin-V-positive and distributed in regions R1
and R2 in the plot while the necrotic cells and late-stage ap-
optotic cells were PI-positive and distributed in regions R1
and R4. As shown in Fig. 2(B), the number of apoptotic cells
in the MF group and the MFþRF group were slightly
greater than that of the control group after 24 h of recovery
(F(2,18)¼ 16.797, P< 0.01). The differences decreased
with longer recovery times. The number of PI-positive cells
was signiﬁcantly greater in the MF group or in the MFþRF
group as compared to the control group at 48 h after expo-
sure (F(2,18)¼ 6.192, P< 0.01) [Fig. 2(C)].DNA FRAGMENTATION AFTER MAGNETIC EXPOSUREDNA laddering, characteristic of intracellular genomic
DNA fragmentation is commonly used to distinguish if a de-
crease in cell viability is due to apoptosis or necrosis. At 24
or 48 h after exposure, DNA laddering was observed in the
human chondrocytes exposed to a 3-T MF or to a 3-T
MFþRF, suggesting that the treated human chondrocytes
were undergoing apoptosis (Fig. 3). In addition, the percent-
age of cells undergoing apoptosis in the MF group or the
MFþRF group was about the same, suggesting that the
RF treatment, at a total strength of 10,000 W, did not
have an additive effect in terms to promoting apoptosis.
No genomic DNA fragmentation was observed in the control
group.EFFECTS ON INTRACELLULAR CALCIUM CONCENTRATIONFig. 1. Effects of magnetic resonance MF and MF þRF on the
growth of human chondrocytes. Human chondrocytes were seeded
at a density of 6 105 cells/dish and were exposed to a 3-T static
MF or a static MFþRF for 1 h. The exposed cells were allowed
to recover under normal culture conditions and the viable cells
were counted at the indicated time points after exposure. Open
bar: control; closed bar: MF; hatched bar: MFþRF. Error bars rep-
resent 1 SD from the mean of triplicate measurements. *P< 0.01.At 1.5 or 3 h after 3-T MF exposure, the intracellular cal-
cium concentrations in the control, MF, and MFþRF
groups were indistinguishable. However, at 6 h after expo-
sure, the intracellular calcium concentrations of the MF
group and MFþRF group are both signiﬁcantly higher
than control group (F(2,29)¼ 24.201, P< 0.01). The in-
creased intracellular calcium concentration seemed to be
a short-term effect of MF exposure because the intracellularcalcium concentrations of the control group, the MF group,
and the MFþRF group were indistinguishable 72 h after
exposure (Fig. 4).EFFECTS ON GENE EXPRESSIONWe further examined the effects of MF exposure on ex-
pression of the pro-apoptotic genes in human chondro-
cytes. At 72 and 96 h after exposure, the p53 levels of the
MF and MFþRF groups were higher than that of the con-
trol group [Fig. 5(A)]. The level of p53 was the highest at
4 h after exposure compared to that at 8, 24, 48, 72, and
96 h after exposure. At all time points, the expression levels
of p21 of the MF and MFþRF groups were greater than
that of the control group [Fig. 5(B)]. The expression level
of p27 in the MFþRF group increased gradually from 24
to 96 h after exposure. Whereas, the expression level of
p27 in the MF group was increased only at 72 and 96 h after
exposure [Fig. 5(C)].
At 24, 48, 72 and 96 h after exposure, the expression
levels of the apoptotic Bax protein in the MF and MFþRF
groups were greater than that of the control group
[Fig. 5(D)]. The phosphorylated ERK1/2 in the MF and
MFþRF groups were greater than that of the control group
after recovering for 24, 48, 72, and 96 h [Fig. 5(E)]. The ex-
pression level of collagen type II protein, Col II, which is the
marker matrix protein of chondrocytes, in the MF and
MFþRF groups increased compared to that of the control
group [Fig. 5(F)].
Fig. 2. Exposure of human chondrocytes to a 3-T static MF or a 3-T static MFþRF induced apoptosis as measured by ﬂow cytometric bi-
variate analysis. The cells were exposed for 1 h and allowed to recover for various periods of time before annexin-V and PI staining. (A) Scat-
ter plots of ﬂow cytometry were measured at 24 h after exposure. Cells undergoing apoptosis were stained by annexin-V (regions R2 and R1).
The cells stained by PI were cells in the late apoptotic stage or were necrotic cells (regions R1 and R4). (B) Percentage of annexin-V-stained
cells at various recovery time points. (C) Percentage of PI-stained cells at various recovery time points. The average of three independent
experiments with SDs is shown. Open bar: control; closed bar: MF; hatched bar: MFþRF. Error bars represent 1 SD from the mean of
triplicate measurements. *P< 0.01.
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drocytes in vitro, we further investigated the effects of MF ex-
posure on cartilage in vivo. We used Lee-Sung pigs as an
animal model to evaluate knee cartilage regeneration with
or without MRI (MFþRF) exposure. All 12 defects in the
hind legs of three pigs in the control group showed complete
recovery with smooth surface. On the contrary, all 12 defects
in the hind legs of the remaining three pigs in the MFþRF
group suffered poor cartilage repair. Figure 6(A) shows eight
representative femoral condyles in the control group in
which all show satisfactory recovery. Figure 6(B) shows
eight representative femoral condyles in the MFþRF groupin which all show poor repair. In addition, granuloma and/or
deep osteochondral defects were also noted in the defect
sites in the MFþRF group (data not shown). Histological ex-
amination of the joints was performed. In the control group,
the repair areas were composed primarily of hyaline carti-
lage with homogeneous extracellular matrix and lacunated
oval cells [Fig. 7(A,E)]. In contrast, in the MFþRF group,
the repair areas were composed of ﬁbrocartilage with coarse
streaks of tightly wrapping ﬁbers, and spindle-shaped cells
[Fig. 7(B,F)]. Although morphologies of the cells and tissues
in the repair area were affected by the MFþRF treatment,
the morphologies of the cells and tissues in the native
area were not affected by the treatment [Fig. 7(C,D)].
Fig. 3. DNA fragmentation detected in human chondrocytes after the exposure to 3-T MF or 3-T MFþRF for 1 h. The genomic DNA of the
cells was isolated at different time points after the exposure and was analyzed with 4% polyacrylamide gel electrophoresis. (A) The cells were
placed in a normal environment for 1 h as the control group. (B) The cells were exposed to a 3-T MF for 1 h. (C) The cells were exposed to a
3-T MFþRF (125.3 MHz, 10,000 W total powers) for 1 h. M: DNA molecular weight markers. Lanes 1 through 4: 4, 8, 24, and 48 h after
exposure.
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The effects and safety issues of MFs on human health
are still being investigated and the conclusions remain con-
troversial1,7,10. Although many independent studies support
the safety of MRI1e5, some report that exposure to ex-
tremely low frequency electromagnetic ﬁelds could alter
transcription and translation, inﬂuence cell proliferation
rate, and induce tumorigenesis27,28. In addition, exposure
to high static MFs could cause DNA damage and alter
cell division29,30. To improve MRI resolution, stronger MF in-
tensity is required and to achieve an even higher resolution,
concurrent RF is often used. In this report, we examined the
effects of a 3-T static MF with or without concurrent RF atFig. 4. MF and MFþRF increase capacitative Ca2þ inﬂux in human
chondrocytes. The chondrocytes were exposed for 1 h, followed by
incubation in normal culture conditions for recovery. The intracellu-
lar Ca2þ concentrations at the indicated time points were monitored
by addition of fura-2AM. Open bar: normal control; closed bar: MF;
hatched bar: MFþRF. Error bars represent 1 SD from the mean of
triplicate measurements. *P< 0.01.the cellular level on human chondrocytes as well as at the
organ level on the cartilages of animals.
A static MF as low as 10 mT could affect cell prolifera-
tion31. Depending on the cell type and the environment,
exposure to a static MF could either promote cell prolifera-
tion or induce apoptosis12,13,32,33. We found that both expo-
sure to a 3-T static MF or to a 3-T static MFþRF repressed
cell proliferation (Fig. 1). We further showed that the
reduced growth rate of human chondrocytes exposed to
a high MF was caused by an increase in apoptotic cells
(Fig. 2). To further support this conclusion, we performed
genomic DNA fragmentation assays, indicative of apopto-
sis, and showed that both MF and MFþRF treatments
induced DNA fragmentation starting as early as 4 h after
exposure (Fig. 3). These results indicate that MF and
MFþRF induced apoptosis in human chondrocytes.
Calcium ions are a key secondary messenger in many
intracellular or intercellular signaling pathways, including
those of muscle contraction, neuron transmission, cell pro-
liferation, cell death, and cell differentiation17. Upon expo-
sure to an MF, the intracellular calcium levels increased in
brain cells, T-cells, and Jurkat cells18,19. In addition, inter-
cellular calcium ﬂowed into the cytoplasm of human and
mouse osteoblasts to promote bone formation after expo-
sure to MFs20,21. Additionally, calcium ions could be re-
leased from the endoplasmic reticulum by environmental
stress to induce apoptosis through the caspase and cyto-
chrome c pathways34e37. We measured the intracellular
calcium concentrations at 1.5, 3, 4.5, 6, and 72 h after MF
exposure and found that the intracellular calcium concentra-
tion increased signiﬁcantly by 6-h after exposure and re-
turned to the normal level by 72 h after exposure (Fig. 4).
The transient increase of intracellular calcium might play
a role in triggering apoptosis of MF- and MFþRF-exposed
human chondrocytes.
p53 is a sensor protein for environmental stresses, such
as UV irradiation, chemical stimulation, and hypoxia, to
maintain genome integrity22. These stresses could activate
p53 expression and induce apoptosis and cell cycle arrest.
p53 could mediate interactions with STAT1, Bax, and Fas to
induce p53-dependent apoptosis and up-regulate p21 to
Fig. 5. Expression of collagen type II and other apoptosis-related genes in chondrocytes treated with MF or MFþ 125.3 MHz RF for 1 h.
The effects of gene expression were monitored by Western blot at various recovery time points as indicated. (A) p53, (B) p21, (C) p27,
(D) Bax, (E) ERK1 and -2, (F) collagen type II, (G) GAPDH control.
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dependent pathways38. High static MF and RF environ-
ments induced p53 expression 72 h after exposure,
whereas p21 protein expression was up-regulated 24 h af-
ter exposure in the MF and MFþRF groups [Fig. 5(A,B)].
Our results suggested that high static MF and RF exposure
induces apoptosis through a p53-independent pathway.
Both cyclin-dependent kinase inhibitors, p21 and p27,
modulate the cell cycle, and low level radiation inhibits
cell proliferation through expression of p21 and p2739,40.
We found that p21 and p27 expression was boosted by ex-
posure to the MFs of MRI and these increases were further
enhanced by concurrent RF [Fig. 5(B,C)].
The apoptotic protein Bax can form channels in artiﬁcial
membranes and release cytochrome C from liposomes to
induce apoptosis41,42. It heterodimerizes with Bcl-2 in vivo
to counteract the anti-apoptotic effect of Bcl-2, thus acceler-
ating programmed cell death43. MF and MFþRF treat-
ments induced increases in Bax expression, suggesting
that the apoptosis observed in this system could be through
a Bax-dependent pathway.
ERK belongs to a group of signaling proteins that play
a prominent role in regulating cell proliferation, differentiation,
adaptation, and homeostasis44.We found that the phosphor-
ylated forms of ERK1 and -2 were up-regulated after expo-
sure to MF or MFþRF. In the MF group, phosphorylated
ERK1 and -2 were up-regulated starting from 8 h after expo-
sure and continuing to 96 h after exposure [Fig. 5(E)]. In the
MFþRF group, phosphorylated ERK1 and -2 were up-regulated starting from 4 h after exposure and continuing to
96 h after exposure. Up-regulated, phosphorylated ERK1
and -2 can transduce signals to activate various geneexpres-
sions to protect cells from environmental damage45.
In the animal study using Lee-Sung pigs, we found that
MF exposure during MRI had a deleterious effect on the re-
pair of damaged knee cartilage. In gross morphology, all 12
defects in the MFþRF group experienced poor repair efﬁ-
ciency, while all 12 defects in the control group recovered
well. Histological analysis showed that the repair area in
the control group was primarily composed of homogeneous
extracellular matrix and lacunated oval cells found in a nor-
mal cartilage suggesting that the repair process was not af-
fected. In contrast, in the MFþRF group, the repair area
was composed of abnormal ﬁbers with coarse streaks and
spindle-shaped cells not found in a normal cartilage sug-
gesting that the repair process was affected.
Lesions of the articular cartilage were generally not re-
paired efﬁciently and mesenchymal stem cells (MSCs)
played a crucial role in the repair of cartilage damage
through differentiation into cells, including chondrocytes,
and tissues involved in cartilage formation46. Mature chon-
drocytes in the cartilage are metabolically active and act to
maintain the extracellular matrix by secreting collagen types
II, VI, IX, XI and aggrecan. However, these mature chondro-
cytes are in an arrested state and do not proliferate
in vivo47e49. In contrast, chondrocytes cultured in vitro are
extensively proliferating and gradually lose their chondro-
genic property50. Here we found that MF can induce
Fig. 6. Effects of high MFs on the repair of pig knees. In our animal model, artiﬁcial defects were created on the hind leg knees of pigs and were
covered with PGA. These pigs were allowed to recover and a half of them were subjected to MRI assessment after 3 months. These pigs, with
or without MRI, were sacriﬁced after 3 more months of recovery and the repair of damaged knees were examined. (A) No MRI assessment
during recovery; (B) MRI was applied to assess the repair at the end of the 3-month recovery. Arrows indicate the positions of original defects.
349Osteoarthritis and Cartilage Vol. 16, No. 3
Fig. 7. Histological analysis showing the effects of MFs on the repair of pig knees. Both the repaired and the un-repaired defects in the control
group (A,C,E) and the MFþRF group (B,D,F) are shown. Native areas are the areas around the cartilage damage. The lacunated oval cells
found in the native areas in the control group and in the MFþRF group, as well as in the repair areas in the control group are indicated with
solid arrows (C,D,E). The spindle and/or non-lacunated cells (open arrow) and the coarse streaks of tightly wrapping ﬁbers (*) are found in the
repair areas in the MFþRF group. (Magniﬁcation: A and B, 40; CeF, 200).
350 C.-H. Hsieh et al.: Effects of MRI on chondrocytesapoptosis of proliferating chondrocytes in vitro and can sup-
press cartilage repair in vivo. This effect seems to be limited
to the proliferating chondrocytes in that chondrocytes and
tissues around the repair area of the MF group remained
unaffected [Fig. 7(D)]. Sunk et al. also found that MF did
not induce apoptosis of chondrocytes in the cartilage11.
Susceptibility of proliferating chondrocytes to MF is an inter-
esting issue to pursue in the future.
In this report, we present evidence on the effects of MFs
on cartilage repair at the cellular level as well as at the
organ level. However, these results may be speciﬁc to the
experimental situations of this study, and may not apply to
other situations, ﬁeld strengths, forms of cartilage injury,
or animal species. Further studies of the effects of MF inten-
sity during MRI are warranted.Acknowledgments
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